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Description 

[0001] This invention relates to controllers for toads 
of varying inductance ! such as switched reluctance ma- 
chines. The invention also relates to a hysteresis circuit. 
[0002] A switched reluctance motor is an example of 
an electrical load in which the inductance is not constant 
with time or machine operation, i.e., rotor angle. Figure 
1(a) illustrates a typical three-phase switched reluc- 
tance (SR) machine and Figures 1(b) and (c) illustrate 
well-known examples of electronic switching circuits 
which may be used to control an SR machine. The SR 
machine essentially consists of a stator s defining stator 
poles 1 , 1\ 2, 2', 3, 3' on which are wound phase wind- 
ings w, of which only one is shown in association with a 
set of poles 2, 2\ The machine also has a rotor with sa- 
lient poles 4, 4' and 5, 5'. The electronic circuits are ar- 
ranged to supply unidirectional currents to the phase 
windings w. 

[0003] In the control circuits of Figures 1(b) and (c), 
each phase winding of the machine in Figure 1(a) is as- 
sociated with a circuit leg comprising at least one elec- 
tronic switch t in series with each winding across a dc 
supply Vs. A general treatment of the principles of SR 
machines is given in the paper The Characteristics, De- 
sign and Applications of Switched Reluctance Motors 
and Drives' by Stephenson et al. presented at PCIM '93 
Conference and Exhibition at Nurnberg. Germany, June 
21st-24th 1993. 

[0004] Proposed means for controlling an SR ma- 
chine to run at different speeds include operation in 
three characteristic regions which can be designated as 
'low-speed', 'medium-speed' and 'high-speed* regions. 
For background and explanation on this see 'Variable- 
Speed Switched Reluctance Motors' by Lawrenson et 
al. IEE Proceedings Part B, Vol.127, No.4, July 1980. In 
the low-speed region the current is controlled by the 
well-known method of 'chopping'. The present invention 
relates to improvements in the means of implementing 
chopping control of the phase current. Figures 2(a), (b) 
and (c) represent one phase leg of the circuit shown in 
Figure 1 (b) redrawn for clarity with the phase leg in three 
possible states, here referred to as 'ON', 'FW ('free- 
wheeling') and 'OFF'. The circuit is in the ON state when 
both power switches are closed and the full dc bus volt- 
age Vs is applied to the phase winding w, increasing the 
magnetic flux 0> at the maximum possible rate (see Fig- 
ure 2(a)). 

[0005] When flux has been established in the winding 
in this way and either one of the switches is open, the 
current is said to freewheel (see Figure 2(b)) ; i.e. the 
circuit is in the FW state with only one switch closed, the 
current flowing through this switch and one diode. The 
effective winding voltage under these conditions is de- 
termined by the small voltage across the switch, the di- 
ode and the winding resistance. The flux <I> thus falls 
relatively slowly, as shown in Figure 2(b). 
[0006] The circuit is in the OFF condition when both 



switches are open and the phase current is carried by 
the diodes. The winding then has the full dc bus voltage 
applied in reverse so that the flux O will fall until the cur- 
rent is zero and the diodes become non-conducting (see 

5 Figure 2(c)). 

[0007] The simplest method of current chopping is to 
alternate between ON and OFF states to maintain the 
mean current level near a desired value. This is shown 
in Figure 3(a). Chopping between the ON and OFF 

10 states is acceptable at low power levels where the 
switches (e.g. semiconductor switches such as metal 
oxide silicon dioxide field effect transistors or insulated 
gate bipolar transistors) can switch at ultrasonic fre- 
quencies. This is advantageous in terms of limiting 

15 acoustic noise. 

[0008] At higher power levels however, the losses 
(both in the semi-conductor switches and other compo- 
nents) associated with ultrasonic switching become 
large and it is usually necessary to reduce the switching 

20 frequency. If the ON/OFF strategy were used the current 
(and the flux) excursions at these reduced frequencies 
might be large, resulting in a rise in objectionable acous- 
tic noise and, possibly, control problems as well. For 
these reasons the FW state is often incorporated into 

25 the switching pattern, enabling retention of relatively 
small current excursions even though the switching fre- 
quency is reduced. This is shown in Figure 3(b) for a 
'motoring' mode and in Figure 3(c) for a 'generating* 
mode. 

30 [0009] The behaviour of the winding current in a re- 
luctance motor during freewheel (FW) is determined not 
only by the applied voltage but also by the variation of 
the phase inductance which is a function of the rotation 
of the machine. Inductance is defined as flux linkage per 

35 unit current so that L = O/l, hence I = <J>/L. If the effective 
winding voltage during freewheeling is small, the flux 
can be considered constant over a short period and the 
current during that period will therefore follow the recip- 
rocal of the inductance profile, i.e. the freewheeling cur- 

40 rent will reduce when the load inductance rises and in- 
crease when it falls. At low rotational speeds, however, 
the rate of change of inductance with time (dL/dt) is 
small and the reduction in flux with time during free- 
wheeling becomes significant over a machine phase pe- 

45 riod. At very low speeds, the freewheeling current will 
fall even when the inductance is decreasing, because a 
small winding voltage causes the flux to fall faster than 
the inductance. The behaviour of the freewheeling cur- 
rent under these differing conditions has important con- 

50 sequences for the current control system, as the con- 
troller has to be able to function correctly in all these 
different conditions. In a typical control system for a 
switched reluctance motor, the phase windings W will 
be energised whilst their inductance is increasing with 

55 respect to rotor angle (the motoring mode) or when the 
inductance is falling with respect to rotor angle (the brak- 
ing or generating mode). 

[0010] In the prior art, the control considerations de- 
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scribed above have been implemented in a variety of 
ways, each with its own advantages and disadvantages. 
[0011] One of the simplest methods is to use one 
comparator for each phase, the current feedback being 
compared directly with the reference (demand) value. A 
hysteresis band separates the switching points. The 
width of this band is usually varied to provide a suitable 
compromise between current excursions, switching fre- 
quency and acoustic noise. A typical circuit is illustrated 
in Figure 4. 

[0012] In a motoring mode (i.e. in which the net power 
flow is from the source to the load) , the controller reg- 
ulates current by alternating between the ON and FW 
states, with both switches switched off at the end of the 
phase period. Figure 5(a) shows a typical current wave- 
form. The change from motoring to a generating mode 
requires the MOT/GEN logic signal shown in Figure 4. 
In the generating mode (i.e. in which the net power flow 
is from the load to the source), the controller chops by 
alternating between FW and OFF, though the ON state 
must first be used to build up flux (and hence phase cur- 
rent) to the required working value. Figure 5(b) shows 
a typical current waveform. 

[001 3] While this system has the advantages of using 
only one comparator and only one hysteresis band, it 
has a number of disadvantages. These are particularly 
apparent at low-speeds whilst generating. Because the 
generating freewheel current rises only if the speed is 
high enough, at low speeds (particularly at high currents 
when the effective freewheel winding voltage is great- 
est) the current decays below the required value, as il- 
lustrated in Figure 5(c). The output of the generator is 
then reduced. A further drawback is the dependence on 
a logic signal for switching between motoring and gen- 
erating modes. This signal may be difficult to generate 
reliably, especially during transient conditions. This may 
lead to*1oss of control of the current, resulting in nui- 
sance tripping or even switch failure. 
[0014] A second proposed system seeks to overcome 
these difficulties by using two comparators. The two 
comparators have the same reference, but the hystere- 
sis band of one spans that of the other, as shown in Fig- 
ure 6(a). Essentially, the •outer' comparator is used to 
modify the behaviour of the circuitry controlled by the 
'inner" comparator so that : for most of the time : chopping 
occurs between the switching points of the inner com- 
parator only. The power switches are switched off at the 
end of the phase period as before. In the motoring mode, 
this system behaves like the single comparator case 
and chopping is controlled by the inner hysteresis band 
only, as shown in Figure 6(b). 

[0015] In the generating mode, the controller starts in 
the same mode with both switches closed until the cur- 
rent reaches the upper level of the inner comparator, 
whereupon one switch is opened and the phase free- 
wheels. The freewheel current rises further (because 
the system is generating) until the upper level of the out- 
er comparator is reached whereupon the second switch 



is also opened. The inner comparator now operates in 
the generating mode, selecting either FW or OFF. Chop- 
ping between FW and OFF continues on the inner band 
unless the current fails to rise while the circuit is in the 

5 FW state. If the current falls to the lower level of the outer 
comparator, both switches are closed, and the resulting 
ON state raises the current into the control band of the 
inner comparator. This is illustrated in Figure 6(c). Such 
a system is disclosed in EP-A-0635931 . 

10 [001 6] This system has some advantages. For exam- 
ple, it keeps control of the current at all times, irrespec- 
tive of whether the drive is motoring or generating and 
avoids the problems of decaying currents at low speeds 
associated with the single comparator solution. 

'5 [0017] However, it has disadvantages which may 
render it of tittle value in some applications. It suffers 
from relatively large transient excursions of current to 
the outer hysteresis bands which may be objectionable 
in some applications. This is made worse by the fact that 

20 the outer band must generally be wide so as to keep it 
reliably distinct from the inner one over the full working 
range of current despite noise, drift or other possible 
sources of signal corruption. 

[0018] EP-A-0397514 discloses controlling the 

25 switching devices in a switched reluctance machine in- 
vertor by alternating between them for current chopping 
and freewheeling. The switching duty is transferred be- 
tween the devices during each conduction interval of 
each machine phase. 

30 [001 9] According to the present invention there is pro- 
vided a controller for a time variable inductive load (w) t 
the controller comprising: switching means (t) to con- 
nect the load to a source of electric power (VJ, the 
switching means being actuatable into a first arrange- 

35 ment to supply energy from the source of electric power 
through the switching circuit, the switching means also 
being actuatable into a second arrangement to return 
energy from the load to the source of electric power and 
actuatable into a third, freewheel, arrangement in which 

40 the current recirculates through the load; and switch 
control means (12') comprising: a lower hysteresis cir- 
cuit (x) having a lower hysteresis band defined between 
a first signal indicative of a lower current bound and a 
desired reference current level Udem)» tne circuit being 

45 operable to provide an output that changes from one 
output level to another output level to actuate the switch- 
ing means into the third arrangement when the load cur- 
rent rises to the reference current level and that changes 
from its other output level back to its one output level to 

so actuate the switching means into the first arrangement 
when the load current falls to the lower current bound; 
and an upper hysteresis circuit (y) having an upper hys- 
teresis band defined between the reference current lev- 
el and a second signal indicative of an upper current 

55 bound and being operable to provide an output signal 
that changes from one output level to another output lev- 
el to actuate the switching means into the second ar- 
rangement when the load current rises to the upper cur- 
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rent bound and that changes from its other output level 
to its one output level to actuate the switching means 
into the third arrangement when the load current falls to 
the reference current level; characterised in that the 
control means further comprise: a swap circuit (107) 
coupled to receive the outputs of the lower and upper 
hysteresis circuits, the swap circuit generating a swap 
output signal that toggles between a first and a second 
logic level in response to: (i) a change in the output of 
either hysteresis circuit; or (ii) the expiration of a prede- 
termined period after the previous toggle of the swap 
output if a change in the said output of either hysteresis 
circuits has not occured in the predetermined period; 
and a circuit responsive to the outputs of the hysteresis 
circuits and the swap circuit to produce control signals 
for actuating the switching means, such that the current 
is controlled in response to the deviation of the load cur- 
rent from the reference current, according to the states 
of the outputs from the hysteresis circuits, by: 

(i) actuating the first arrangement of the switching 
means when the current is below the lower current 
bound; 

(ii) actuating the second arrangement of the switch- 
ing means when the current is above the upper cur- 
rent bound; 

(iii) actuating one configuration of the third, free- 
wheel, arrangement of the switching means when 
the current reaches the reference current level from 
outside the lower and upper current bounds, re- 
spectively, and the swap output signal is at the first 
logic level, and actuating another configuration of 
the third, freewheel, arrangement of the switching 
means when the current reaches the reference cur- 
rent level from outside the lower and upper current 
bounds, and the swap output signal is at the second 
logic level. 

[0020] Also according to the present invention there 
is provided a method of controlling the current in a time 
variable inductive load (w) using switching means com- 
prising first and second switching devices (t), each hav- 
ing a closed state and an open state, to connect the load 
to a source of electrical power (V s ), the switching means 
being actuatable into a first arrangement to supply en- 
ergy from the source of electric power through the 
switching circuit; the switching means also being actu- 
atable into a second arrangement to return energy from 
the load to the source of electric power and actuatable 
into a third, f reewheeL arrangement in which the current 
recirculates through the load, the method comprising: 
applying current to the load by closing the first and sec- 
ond switching devices (t) to assume the first arrange- 
ment according to a first hysteresis output signal when 
the load current is below a lower current bound below a 
reference current level (I d em) » wherein the lower cur- 
rent bound varies in response to variations in the refer- 
ence current level; removing current from the load by 
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opening the first and second switching devices to as- 
sume the second arrangement according to a second 
hysteresis output signal when the load current is above 
an upper current bound above the reference current lev- 

5 el, wherein the upper current bound varies in response 
to variations in the reference current level; and free- 
wheeling current by assuming the third arrangement of 
the switch means so that it recirculates through the load 
and only one of the switching devices when the load cur- 

10 rent rises or fails to the reference current level from out- 
side the lower and upper current bounds, respectively; 
characterised by: generating a swap output signal that 
toggles between a first and a second logic level in re- 
sponse to (i) a change in either the first or second hys- 
teresis output signal or (ii) the expiration of a predeter- 
mined period after the previous toggle of the swap out- 
put signal if a change in the said output of either hyster- 
esis circuits has not occured in the predetermined peri- 
od, thereby alternating the switching device used for 

20 freewheeling between the first and second switching de- 
vices. 

[0021] The invention alternates between switching 
devices according to switching events or the expiration 
of the predetermined period. The alternation has the 

25 benefit of evening up the amount of time for which each 
device is energised which can lead to neither device be- 
ing closed for such an extended period of time that the 
power supply voltage may drop to a level which is insuf- 
ficient to sustain the safe operation of the switching de- 

30 vice. The invention may also be used to avoid one de- 
vice overheating by spreading the duty in freewheeling 
between them. 

[0022] The apparatus can be put into practice in var- 
ious ways, some of which will now be described by way 
35 of example with reference to the accompanying draw- 
ings in which: 

Figure 1(a) is an end view of a doubly salient 
switched reluctance machine; 

40 Figure 1(b) and (c) are circuit diagrams of known 
switched reluctance machine switching circuits; 
Figures 2(a) to (c) are circuit diagrams of the known 
switching circuits of Figure 1(b) in its various 
switched states; 

^5 Figure 3(a) to (c) are graphs of typical chopping cur- 
rent waveforms; 

Figure 4 is a schematic block diagram of a single 
comparator current controller for a switched reluc- 
tance machine; 
50 Figures 5(a) to (c) are typical waveforms of winding 
current according to the control applied by the cir- 
cuit of Figure 4; 

Figure 6(a) is a schematic block diagram of a dual 
comparator controller; 
55 Figure 6(b) and (c) are winding current waveforms 
according to the controller of Figure 6(a); 
Figure 7(a) is a schematic block diagram of a control 
circuit; 
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Figure 7(b) and (c) are waveforms of winding cur- 
rent according lo the circuit of Figure 7(a); 
Figure 7(d) is a truth table for the control logic in the 
circuit of Figure 7 (a); 

Figure 8 illustrates an exemplary circuit for provid- 
ing hysteresis voltages that vary in proportion to the 
current demand; 

Figure 9(a) generally illustrates a gate drive circuit 
and gate drive circuit power supply suitable for use 
with the present invention; 
Figure 9(b) illustrates in greater detail the gate drive 
circuit and power supply of Figure 9 (a) ; 
Figure 1 0 illustrates a control system for a switched 
reluctance machine that alternates the switching 
device used to introduce freewheeling during motor 
operation; and 

Figure 1 1 illustrates a control system for a switched 
reluctance machine that alternates the switching 
device used to introduce freewheeling during motor 
operation and forces a commutation of the switch- 
ing device if one does not naturally occur within a 
predetermined time period. 

[0023] Referring to Figure 7(a) of the drawings, a cur- 
rent controller for a switched reluctance machine com- 
prises a comparator in the form of a differencing ampli- 
fier 1 0 which receives a demand signal l DEM and a feed- 
back signal l FB and produces an error signal l e based 
on the difference between l DEM and l FB . An amplifier 11 
amplifies the error signal l e . First and second compara- 
tors X and Y both receive the amplified error signal l e at 
their respective inverting inputs. The first and second 
comparators each include positive feedback comprising 
a resistive network formed by serially connected resis- 
tors R1 and R2 which are respectively connected be- 
tween ground potential and one port of an associated 
solid state analogue switch S1/S2. In this embodiment 
the analogue switch S1 is a Siliconix DG418 and the 
analogue switch S2 is a Siliconix DG417. The non-in- 
verting input of each comparator is connected between 
the resistors R1 and R2. The outputs of the comparators 
X and Y are connected to control logic 12 which is also 
fed with a 'phase active' timing signal which enables the 
outputs of the control logic in accordance with the phase 
inductance cycle of the rotor. The control logic can be 
implemented as a hard wired construction. However, it 
may be microprocessor-based and possibly part of a 
larger controller governing the overall SR drive system. 
[0024] Each of the analogue switches is also connect- 
ed at a second port with one of a positive and a negative 
hysteresis voltage +V H /-V H . The analogue switches 
S1/S2 are actuated by their respective comparators X 
and Y. It will be noted that the analogue switch S1 is 
closed in response to a high output from the comparator 
X, whereas the analogue switch S2 is closed in re- 
sponse to a low output from the comparator Y. 
[0025] The outputs from the comparators are also 
connected with inputs to the control logic 12. The out- 



puts of the control logic 12 are respectively connected 
with the pairs of power switching devices for a phase 
winding switch circuit such as that illustrated in Figure 
1(b). 

5 [0026] Circuit energisation is controlled by consider- 
ing the current error rather than the absolute value of 
winding current and essentially exploits the principle of 
minimum possible action by the use of a controller con- 
figuration which uses adjacent hysteresis bands. If the 
10 error is within a given band, the phase freewheels. If the 
error exceeds the band ; then appropriate action is taken 
until the error reaches zero. Freewheeling is then re- 
sumed. This is achieved by the use of the two adjacent 
hysteresis bands which are centred about the desired 
15 current level. Each comparator handles one polarity of 
error, i.e. above and below the desired current level. 
Swap logic 107 is operably connected with the control 
logic 12. The function of the swap logic is to alternate 
between switches for freewheeling a phase. This is de- 
20 scribed in more detail in relation to Figure 10 below. In 
Figure 7(a) the solid state analogue switches S1 and S2 
are used to control the feedback around the analogue 
comparators X and Y. This operates as follows. 
[0027] Both comparator outputs will be low whilst 
25 there is a large positive error e.g. whilst the current is 
rising from zero at the start of a phase period. The com- 
parator Y will have a hysteresis voltage applied via the 
switch S2, whereas the comparator X has its feedback 
open-circuited because of the opposite nature in which 
3a the switch S1 operates. The comparator X will therefore 
change state when the current reaches zero error, 
whereas the comparator Y will not switch until the error 
signal falls through zero and sufficient negative error is 
applied to its inverting input. Thus, at the start of a phase 
35 period, both comparators are low and the power circuit 
is in the ON state. Comparator X switches high when 
the error falls to zero and the phase is made to freewheel 
by opening either of the top and bottom winding switch- 
es t (as depicted in Figure 1(b)). 
40 [0028] If the current now falls (the 'motoring' case) the 
output of the comparator X will switch low again when 
the error exceeds the hysteresis value. Chopping will 
continue between the lower limit of the comparator X 
and the demanded current level, l DEM . This is illustrated 
45 in Figure 7(b). 

[0029] If, however, the current continues to rise (the 
•generating* case), the error, l e , will reverse. The com- 
parator Y will switch should the error become sufficiently 
negative, i.e. when the current exceeds the upper limit. 
50 The power circuit is then switched to the O FF state and 
will force the phase current down until zero error is 
reached. The output of the comparator Y then goes low 
and freewheeling is resumed. Thus, in the generating 
mode, the current chops between l DEM and the upper 
55 limit of the error defined by the hysteresis circuit formed 
around the comparator Y. This is illustrated in Figure 7 
(c). 

[0030] The behaviour of the circuit is summarized in 
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the truth table of Figure 7(d). Note that the case of X=0 
and Y=1 is theoretically impossible (it implies that the 
current is simultaneously too low and too high) . The 
power circuits should nevertheless behave predictably 
if these values occur as a transient error due, for exam- 
ple, to noise. The freewheel state is preferred under this 
condition, though ON or OFF may also be used. 
[0031] While the analogue switches S1 and S2 are 
shown as being actuatable by respectively high and low 
signals, it will be appreciated that either switch can be 
substituted for its counterpart as long as an inverter is 
connected before the actuating input to the analogue 
switch to invert the output from the relevant comparator 
X orY. Similarly, whilst comparators X and Y are shown 
connected such that their inverting inputs are connected 
to the error signal, it will be appreciated by those skilled 
in the art that many combinations of comparator polarity 
and error polarity are possible (with appropriate decod- 
ing in logic block 1 2) without departing from the intended 
mode of operation. 

[0032] The hysteresis circuit illustrated is particularly 
useful as it allows an analogue hysteresis voltage to be 
controlled by the two-state output from the comparator 
by use of the analogue switch. Also, this form of hyster- 
esis circuit is relatively easily adjusted by changing the 
hysteresis voltage applied. It will be appreciated that an 
alternative hysteresis circuit can be used to that de- 
scribed. A controller according to the invention may also 
include means for adjusting the upper and lower hyster- 
esis bands as, for example, a percentage of the speed 
or torque of the motor or according to any other operat- 
ing characteristics of the motor to which it is advanta- 
geous to link the hysteresis-based control while the ma- 
chine is running. For example, in the embodiment of Fig- 
ure 7(a) the positive and negative hysteresis voltages 
+V H / -V H may be set to a constant predetermined value. 
While constant +v* H / -V H voltages provide for effective 
motor operation : if the width of the hysteresis band re- 
mains constant, switching signals will generally be gen- 
erated more frequently when there is a high current de- 
mand signal than when there is a low current demand 
signal. In order to provide a circuit where the switching 
frequency of the switching devices is essentially the 
same regardless of the current demand l DEM , alternative 
embodiments can be realised wherein the hysteresis 
voltages +V H / -V H are not constant but rather vary in 
proportion to the magnitude of the current demand sig- 
nal l DEM . This also advantageously keeps the magni- 
tude of the current excursions an approximately con- 
stant fraction of the total phase current. This variation in 
the +V H / -V H values as a function of the current demand 
' dem ' s particularly beneficial in large motors. 
[0033] Figure 8 illustrates an exemplary circuit for pro- 
viding hysteresis voltages +V H / -V H that vary in propor- 
tion to the current demand l DEM according to the rela- 
tionship: (+/-) V H = V of{ + KI DEM where V H represents 
either the upper or the lower hysteresis level; V off rep- 
resents an offset voltage; K represents a constant mul- 



tiplication factor and l DEM represents the current de- 
mand. Referring to Figure 8. an offset voltage V off is pro- 
vided through a resistor 80 to the inverting input of a two 
input operational amplifier 81 . The voltage V off may be 

5 provided by a reference voltage generator or any other 
suitable circuitry. The V oR voltage is added to a voltage 
signal l DEM representing the current demand that is also 
provided to the inverting input of operational amplifier 
81 via resistor 82. The output of amplifier 8 1 is also cou- 

10 pied to the inverting input via a feedback network com- 
prising resistor 83 and capacitor 84. As those skilled in 
the art will appreciate, the resistors 80, 82 and 83 and 
capacitor 84 may be sized such that the output of the 
operational amplifier 81 , -V H , is approximately V off + Kl- 

15 DEM' where the value of K is determined by the charac- 
teristics of amplifier 81 and the values of resistors 82 
and 83. The output of operational amplifier 81 , which is 
the -V H signal, is applied to the inverting input of a sec- 
ond operational amplifier 86 through resistor 85. Oper- 

20 ational amplifier 86, along with feedback resistor 87, in- 
verts the -V H signal and provides a +V H signal at its out- 
put. The +V H and -V H signals may then be provided to 
the circuitry of figure 7(a). 

[0034] While Figure 8 illustrates the circuitry for gen- 

25 erating +V H / -V H signals that vary with l DEM for a single 
phase of a potentially multi-phase motor, it will be un- 
derstood that in multi-phase motors the circuitry of Fig- 
ure 8 could be repeated with each phase receiving its 
own l DEM signal. In general, the offset voltage V off will 

30 be the same for all of the phases. 

[0035] The controller according to the invention keeps 
control of current under all conditions, even when brak- 
ing at low speeds. Further it eliminates the need for nest- 
ed hysteresis bands, so avoiding the associated difficui- 

35 ties referred to. It has no large transient errors and gives 
consistent predictable performance over the entire 
working current range of a given machine. 
[0036] Throughout this description a conventional two 
switch per phase (i.e. a dual-switch forward converter) 

40 power circuit, such as depicted in Figure 1 (b). has been 
assumed. The principles discussed are, however, 
equally applicable to any circuit which allows the motor 
winding current to freewheel, i.e., when the winding volt- 
age is kept close to zero and the associated magnetic 

45 fjux is therefore approximately constant. 

[0037] In switched reluctance motors because the 
point where the switching device couples to the phase 
winding often has significant voltage swings it is often 
necessary to provide a specialized power supply for the 

50 gate drives that control the switching of the power de- 
vices. Figure 9(a) generally illustrates a gate drive circuit 
90 and a gate drive circuit power supply 91 which may 
be used with the present invention. In Figure 9(a), the 
gate drive controls a power switching device 92 that is 

55 coupled to a phase winding. Another switching device, 
including a gate drive and power supply, is also coupled 
to the phase winding (not shown in Figure 9(a)). 
[0038] In Figure 9(a), power switching device 92 is an 
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insulated gate bipolar transistor (IGBT) that has its col- 
lectorcoupled to the positive terminal (+DC) of a DC bus 
and its emitter coupled to the phase winding. Accord- 
ingly, when switching device 92 is switched on, the 
phase winding will be coupled to the +DC bus line. 
[0039] Referring to Figure 9(a), the gate drive of the 
present circuit is powered by a power supply 91 that de- 
rives its power from the collector to emitter voltage dif- 
ferential of the switching device 92 when the switching 
device 92 is OFF. In Figure 9(a), power supply 91 com- 
prises a capacitor 93 and a voltage regulator 94, which 
may be a zener diode. One terminal of both capacitor 
93 and diode 94 is coupled to one end of a bleed resistor 
95a either directly or through an optional diode 95b } as 
shown. The other end of the bleed resistor 95a is cou- 
pled to the positive terminal (+DC) of a DC bus. The ter- 
minals of the capacitor 93 and the diode 94 not coupled 
to the bleed resistor 95a are coupled to the point where 
the switching device 92 couples with the phase winding 
(node X) . In operation, when switching device 92 is 
open : the lower terminal of capacitor 93 will be coupled 
to either the negative rail -DC of the DC bus (when the 
return diode is conducting) or will typically be at a po- 
tential approximately mid-way between +DC and -DC 
nodes. In either case, charge will flow through bleed re- 
sistor 95a and charge up capacitor 93 such that a volt- 
age differential appears across the terminals of the ca- 
pacitor 93. This voltage differential is applied to the gate 
drive 90 such that capacitor 93 and diode 94 form a pow- 
er supply for supplying a DC voltage to the gate drive 
that is referenced to the node X where the switching de- 
vice 92 is coupled to the phase winding. 
[0040] In general the value of capacitor 93 should be 
large enough to avoid a significant voltage "sag" over 
the longest envisioned conduction period of the switch- 
ing device 92. As discussed below, the switching of 
switching device 92 may be controlled to regulate the 
conduction periods of switching device 92 so as to limit 
the required size of capacitor 93. 
[0041] Figure 9(b) illustrates in greater detail power 
supply 90 and gate drive circuitry 91 in accordance with 
the present invention. Referring to Figure 9(b), the pow- 
er supply 91 is illustrated, comprising a zener diode 94 
and a capacitor 93. The positive terminal of power sup- 
ply 91 Is coupled to the positive rail of a DC bus via a 
bleed resistor 95a; the negative terminal of power sup- 
ply 91 is coupled to the node X where switching device 
92 is coupled to the phase winding. When the switching 
device 92 is open, a bleed current will flow from the pos- 
itive rail of the DC bus through bleed resistor 95a and 
will begin to charge capacitor 93 to a voltage level that 
is approximately that of the breakdown voltage of zener 
diode 94. In Figure 9(b), the breakdown voltage of the 
zener diode 94 is approximately 15V. Accordingly, when 
the switching device 92 is open, the capacitor 93 will 
remain charged to approximately the breakdown volt- 
age of the zener diode and power source 91 will provide 
a voltage differential across ils positive and negative ter- 



minals equal to the voltage across capacitor 93. 
[0042] The voltage from power supply 91 is used to 
power gate drive circuit 90. As illustrated in Figure 9(b), 
gate drive circuit 90 includes an opto-isolator 96 that re- 

5 ceives signals from the motor control circuitry (not 
shown). For purposes of explanation, the output of opto- 
isolator 96 is designated node A in Figure 9(b). Opto- 
isolator 96 is provided to separate the high voltage de- 
vices which form the power supply 91 , gate drive 90 and 

io switching device 92 from the low-voltage, low-power de- 
vices that form the motor control circuitry. The opto-iso- 
lator 96 also permits the common mode potential (i.e., 
the potential of the gate driver "0 V" rail, node X, with 
respect to the power circuit) to swing through many hun- 

'5 dreds of volts as the associated switching device 92 
opens and closes. 

[0043] In operation, the signals applied to opto-isola- 
tor 96 are inverted by a network comprising a resistor 
97 and undervoltage detector 98. Undervoltage detector 

20 98 comprises a transistor whose base is coupled to a 
resistor/zener diode series connected arrangement that 
is coupled to the positive and negative terminals of pow- 
er supply 91 . When the voltage provided by power sup- 
ply 91 is of a sufficient magnitude to allow gate drive 90 

25 to function properly, the transistor is biased on. When 
the transistor in undervoltage circuit 98 is biased on, a 
logic high signal applied to the opto-isolator 96 will drive 
node A to the negative potential of the terminal of power 
supply 91 . Similarly., when the transistor in undervoltage 

30 circuit 98 is biased on, a logic low signal applied to opto- 
isolator will allow resistor 97 to pull the voltage at node 
A to the positive voltage provided by power supply 91 . 
[0044] In the event that the voltage provided by power 
supply 91 is below the level required to drive the gate 

35 drive circuit (11 volts in the example of Figure 9(b)) the 
transistor in undervoltage circuit 98 will be biased off. 
When the transistor 98 is biased off, the voltage at node 
A will remain at the voltage level of the positive terminal 
of power supply 91 thus turning off switching device 92, 

40 regardless of the level of the signal applied to opto-iso- 
lator 96. This protects switching device 92 from unsafe 
attempts to close it when insufficient voltage is available 
from the power supply 91. 

[0045] The voltage at node A (which is controlled by 
45 the input to opto-isolator 98 when the power supply is 
properly charged) is applied to two falling edge-trig- 
gered monostable multivibrator circuits 99(a) and 99(b). 
In general, these monostable multivibrator circuits 99(a) 
and 99(b) ensure that the gate drive signal applied to 
50 the switching device 92 has both a "minimum-on time" 
and a "minimum-off* period between successive on- 
times. 

[0046] Referring to Figure 9(b), the first monostable 
multivibrator 99(a) provides the "mini mum -off' time be- 
55 tween successive on-times of the switching device 92. 
This aspect of the circuitry is initiated in response to the 
occurrence of a "high" logic state at the output of opto- 
coupler 96. In the circuitry of Figures 9(a) and 9(b), the 
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occurrence of a logic "high" at the output of the opto- 
coupler 96 (i.e., node A) indicates that the switching de- 
vice 92 should be switched OFF and the occurrence of 
a logic "low" at the output of the opto-coupler 96 indi- 
cates that the switching device 92 should be switched 
ON. 

[0047] The basic operation of monostable multivibra- 
tors 99(a) and 99(b) is generally understood and is not 
discussed herein in detail. In general however, the oc- 
currence of a logic high signal at the input of opto-iso- 
lator 96 indicates that switching device 92 should be 
switched ON. The occurrence of the logic "high" signal 
at the input of the opto-isolator 96 drives the output of 
the opto-isolator low, causing the input to the first mon- 
ostable multivibrator 99(a) also to go low. This causes 
the output of the first monostable multivibrator 99(a) to 
transition from a logic high level to a logic low level. This 
falling edge at the output of the first edge-triggered mon- 
ostable 99(a) is used to trigger the second monostable 
99(b), such that the output of the second monostable 99 
(b) transitions to a high logic level and remains at the 
high logic level for at least the period of the edge trig- 
gered monostable 39(b), regardless of any changes in 
the input to or the output from the opto-isolator 96. At 
the same time the inverting output of the monostable 99 
(b) is held high for a predetermined period of time, the 
non-inverting output of the monostable 99(b) goes low 
and remains low for the predetermined time period. This 
logic low output signal is applied as one input to NAND 
gates 100a and 100b. The other input to NAND gate 
1 00a is the output of the opto-isolator 96. Thus, through 
NAND gate 100a. the logic low signal from the non-in- 
verting output of monostable 99(b) locks out the opto- 
isolator signal for the predetermined period of time and 
also disables the undervoltage detection circuit 98 for 
the same time period. In this manner the monostable 
99(b) ensures that when the switching device 92 is 
switched ON it remains on for a predetermined period 
of time regardless of noise at node A or on the power 
supply 91 . Through NAND gate 1 00b the logic low signal 
from monostable 99(b) locks out the excessive V CE cir- 
cuit discussed below. 

[0048] The inverting output of the monostable 99(b) 
will remain high (and switching device 92 will remain 
ON) as long as the input signal to the opto-isolator 96 
remains logic high. When the input to opto-isolator 96 
transitions to logic low (or is removed) : the output of the 
opto-isolator 96 will transition from logic low to logic 
high, and, provided the minimum-ON time has elapsed, 
will cause the output of NAND gate 100a to transition 
from logic high to logic low. This transition of the input 
to monostable 99(a) from logic high to logic low triggers 
monostable 99(a) and provides a minimum-OFF time for 
switching device 92. 

[0049] Referring again to Figure 9(b) ; when the input 
to monostable 99(a) transitions from logic high to logic 
low, the inverting output from monostable 99(a) will tran- 
sition from logic low to logic high and will remain logic 



high for a predetermined time period determined by the 
period of monostable 99(a). This high output from mon- 
ostable 99(a) is applied to the input of monostable 99 
(b) and ensures that the inverting output of monostable 

5 99(b) remains logic low (i.e., switching device 92 re- 
mains OFF) at least as long as the output of monostable 
99(a) is held logic high. In this manner, monostable 99 
(a) provides for a minimum-OFF time between on times 
of switching device 92. Provided the minimum-OFF time 

10 has expired, the inverting output of monostable 99(b) 
will transition from logic low to logic high to turn ON 
switching device 92 if and when the input to opto-isolator 
96 is again driven logic high. 

[0050] The minimum-ON and minimum-OFF periods 

'5 serve several functions. First they restrict the switching 
frequency of the switching device 92 to a safe value. 
Second, they force the gate drive circuit to ignore inter- 
ference or noise which may appear at the output of the 
opto-coupler as a result of the switching of the switching 

20 device 92. The minimum-ON monostable 99(b) also 
serves a third purpose. As illustrated in Figure 9(b), the 
non-inverting output of the monostable 99(b) is applied 
as a first input to NAND gate 100b. A second input to 
NAND gate 1 00b receives a signal derived from the coi- 

25 lector-emitter voltage of switching device 92. in opera- 
tion, the second input of NAND gate 100b monitors the 
co I lector- emitter voltage of the switching device 92 
(V CE ) . Should the V CE of the switching device 92 ex- 
ceed a given level when the switching device 92 is 

30 switched ON it is assumed that the switching device 92 
has come out of saturation due to a fault (e.g., a short 
circuit). In the event that the V CE of the switching device 
92 exceeds a predetermined level (selected depending 
on the characteristics of the particular switching device) 

35 when the switching device is switched ON, the second 
input of NAND gate 100b will rise to a logic high level, 
thus forcing the output of NAND gate 100b logic low, 
thus turning OFF switching device 92. 
[0051] While the above-described method of detect- 

40 ing faults in the drive circuit and disabling the switching 
device 92 in the event of an excessive V CE provides a 
measure of fault protection for the system, the V CE of 
the switching device 92 is naturally high (potentially sev- 
eral hundreds of volts) when the switching device 92 is 

45 turned OFF. The protective mechanism provided by 
NAND gate 100b must therefore be disabled when 
switching device 92 is initially closed, typically for the 
first few microseconds of on-time as the V CE of the 
switching device 92 drops from this high level to a nor- 

50 mal level. By providing the non-inverting output of mon- 
ostable 99(b) to the first input of NAND gate 100b, the 
monostable 99(b) disables the protection provided by 
NAND gate 100b for a few microseconds after the 
switching device 92 is switched ON. 

55 [0052] The output of monostable 99(b) is applied to 
NAND gates 101a and 1 01 b and a set of series connect- 
ed bipolar transistors including an upper NPN transistor 
1 02a and a lower PNP transistor 1 02b and a set of series 
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connected MOSFETs including a upper n-channel 
MOSFET 103a and a lower p-channel MOSFET 103b. 
In operation, the inverting output of monostable 99(b) is 
applied to as a first input to NAND gates 101a and 101b. 
The output from the protection circuit including NAND 
gate 100b is applied to the second input of NAND gates 
101a and 101b. As discussed above, the output of 
NAND gate 100b is normally logic high except when an 
excessive V CE of switching device 92 is detected. When 
the inverting output of monostable 99(b) is a logic high 
(i.e. . close to the voltage on the positive terminal of pow- 
er supply 91 ) the gate drive will activate orturn-ON the 
switching device 92. This is because in such instances, 
the lower transistor 1 02b and upper MOSFET 1 03a will 
be rendered conductive, thus providing a positive volt- 
age gate signal to the gate of switching device 92 and 
turning on switching device 92. When the inverting out- 
put of monostable 99(b) is logic low (i.e., close to the 
voltage provided at the negative terminal of power sup- 
ply 91) the upper transistor 102a and lower MOSFET 
103b will be rendered conductive, substantially remov- 
ing the voltage applied to the gate of switching device 
92. thus turning switching device 92 off. 
[0053] The gate drive circuitry of Figure 9(b) is but one 
example of a gate drive circuit that may be combined 
with the present invention. In general, the power supply 
may be used with any gate drive circuit that requires volt- 
age source references. 

[0054] Referring to Figures 9(a) and 9(b), it may be 
noted that when the switching device 92 is switched on 
there is a net drain of energy from capacitor 93 and the 
voltage available from the power supply 91 will de- 
crease. In order to prevent the voltage available from 
the power supply 91 from dropping too low : it is neces- 
sary to control the switching signals for the power de- 
vices such that the power supplies 91 associated with 
the power devices can provide the required voltage 
when necessary. 

[0055] By means of the SWAP circuit 1 07 in Figure 7 
(a), the voltages available from the power supplies 91 
are maintained at an acceptable level by alternating the 
switching device used to introduce freewheeling during 
motor operation. The SWAP circuit 1 07 is shown in Fig- 
ure 10. Controller 12' of Figure 10, like controller 12 of 
Figure 7(a), receives the outputs from comparators X 
and Y and provides signals to the drive circuits for the 
top and bottom power devices. As discussed more fully 
above and indicated by truth-table 7(d). comparators X 
and Y compare the current error to positive and negative 
hysteresis levels +V H and -V H and provide output sig- 
nals to controller 1 2 that cause controller 1 2 to: (i) close 
switching devices when X=0 and Y=0, (ii) introduce a 
freewheeling period whenever X=0 and Y=1 (a condition 
that should not occur in normal operation) or X=1 and 
Y=0 by opening one of the switching devices; and (iii) 
open both switching devices whenever X=1 and Y=1. 
The controller 1 2' of Figure 1 0 receives the signals from 
the comparators and implements the functionality of the 



truth-table such that the switching device used for free- 
wheeling alternates for each change in state of the out- 
puts of comparators X and Y. In this manner, the switch- 
ing devices are each opened and closed for equal peri- 

5 ods, thereby ensuring that neither switching device has 
to be closed for a period of time sufficient to cause the 
voltage available from the power supply to drop to an 
unacceptable level. Furthermore, the average collector- 
emitter potential, used to feed power supply 91, is ad- 

io vantageously made equal for both gate drive circuits. 
Also, the current flowing in each switching device is 
equal thereby ensuring balance of conduction (on- 
state) losses in the two switching devices associated 
with each phase winding. 

is [0056] Referring to Figure 10, controller 12' includes 
two clocked flip-flops 120x and 120y that receive the 
outputs from comparators X and Y respectively. The 
clocked output of flip-flops 1 20x-y are applied to the data 
inputs of a second set of clocked flip-flops 122x and 

20 1 22y. The outputs of flip-flops 1 22x-y are applied as the 
inputs to a decoder circuit 125. Decoder circuit ^com- 
prises five AND gates 104a-e and two triple input OR 
gates 1 05a-b. Decoder circuit 1 25 may be implemented 
through the use of discrete logic components, an ASIC, 

25 PLA or programmed microprocessor or microcontroller. 
The outputs of decoder circuit 1 25 are applied to a third 
set of clocked flip-flops 106a-b. The outputs from flip- 
flops 1 06a and 1 06b are applied to the driver circuits for 
the power switches., such as circuit 90 of Figures 9(a) 

30 and 9(b), and control the state of the power devices. 
[0057] From an analysis of Figure 1 0, it is clear that 
the decoder circuitry 125 implements the truth table of 
Figure 7(d). When the outputs of both comparators X 
and Y are logic low, the output of AND gate 1 04a will be 

35 logic high, forcing the outputs of OR gates 105a and 
105b both high, turning on both the top and the bottom 
power switches. In a similar manner, when the outputs 
of comparators X and Y are both logic high, the outputs 
of the AND gates 104a-e will all be logic low, rendering 

40 the outputs of OR gates 1 05a and 1 05b both low, turning 
off the top and bottom power devices. Further, when the 
outputs from comparators X and Y are one logic high 
and the other logic low (i.e., in the freewheeling state) 
the decoder circuitry 103 ensures that the output of ex- 

^5 actly one AND gate 1 04 will be logic high, turning on one 
of the switching devices and leaving the other switching 
device closed for freewheeling. 

[0058] In the circuit of Figure 10, the specific AND 
gate 104 whose output will be logic high when X and Y 

50 are in the freewheel state depends on the state of the 
SWAP signal produced by the SWAP circuit 1 07. In gen- 
eral, when the SWAP signal is logic high and X and Y 
are in the freewheel state AND gates 1 04b-c will be en- 
abled (thus turning on the top switching device) and 

55 AND gates I04d-e will be disabled (thus turning off the 
bottom switching device to allow freewheeling) . In a 
similar manner when SWAP signal is logic low, AND 
gates 1 04b-c will be disabled (turning off the top switch- 
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ing device) and gates 1 04d-e will be enabled (thus turn- 
ing on the bottom switching device). 
[0059] The SWAP signal is generated by SWAP cir- 
cuit 107. In general. SWAP circuit 107 receives the out- 
puts from the comparators X and Y from flip-flops 120x 
and 120y and produces a SWAP signal that changes 
state with each change in state of the outputs from com- 
parators X and Y. 

[0060] Referring to Figure 10, SWAP circuit 107 re- 
ceives the outputs from flip-flops 1 20x and 1 20y and ap- 
plies them to XOR gate 1 08. Because the output of only 
one of the comparators X or Y will change at any given 
time, the output of XOR gate 108 will change state for 
each change in state of the outputs of comparators X 
and Y. The output of XOR gate 108 is directly applied 
as one input to AND gate 109. The other input to AND 
gate 109 is the inverted output of a flip-flop 110 which 
corresponds to the output of XOR gate 108 delayed by 
one clock cycle. 

[0061] As those skilled in the art will recognize, the 
combination of the flip-flop 110 and the AND gate 109 
form an edge-detector that provides a clock pulse each 
time the output of XOR gate 108 transitions from logic 
low (0) to logic high (1 ). Such a change in state of the 
output of XOR gate 1 08 would correspond to the change 
in state of the power devices from a state of either both 
on or both off to a freewheeling state. Accordingly, each 
time the outputs of comparators X and Y indicate that 
the power devices should transition from ON to free- 
wheeling or from OFF to freewheeling, a clock pulse will 
be generated by AND gate 109. 
[0062] The output of AND gate 109 is applied to the 
T input of a clocked toggle (T) flip-flop 130. The output 
of T flip-flop 130 is the SWAP signal and it is applied to 
AND gates 1 04b-e to control the power device used for 
freewheeling as described above. T flip-flop 130 oper- 
ates as a conventional clocked T flip-flop and produces 
an output signal that is constant whenever T is 0 but that 
changes from 0 to 1 or 1 to zero each time T changes 
from 0 to 1 . Accordingly, the output of T flip-flop 1 30 (the 
SWAP signal) will toggle from 0 to 1 or vice versa in re- 
sponse to each clock pulse from AND gate 109. In this 
manner, the power device that will remain closed for 
freewheeling will alternate upon each change in state of 
the outputs of comparators X and Y from the top switch- 
ing device to the bottom switching device. 
[0063] While the circuitry of Figure 1 0 was discussed 
in the context of using alternate power devices for free- 
wheeling to ensure that the power supplies 91 for the 
gate drives are properly energized, it may be used to 
implement alternate freewheeling for other purposes. 
For example : if the same power device were used for 
freewheel ing for a number of consecutive cycles, losses 
associated with the freewheeling currents flowing 
through the power device could cause the temperature 
of the power device to rise, possibly degrading the per- 
formance or life of the power device. By using alternate 
freewheeling in accordance with the present invention, 



such temperature or heat problems may be reduced. 
[0064] While the circuit of Figure 10 is beneficial in 
that it alternates the power device that is closed during 
freewheeling periods from the top device to the bottom 

5 device, it does not necessarily ensure that the power 
supplies 91 of the present invention will always be prop- 
erly energized. For example, in the embodiment of Fig- 
ure 10, depending on the operating characteristics, 
there exists a possibility that successive changes in 

10 state of the comparators X and Y that produce changes 
in state of the SWAP signal will not occur with the nec- 
essary frequency to keep the power supplies 91 prop- 
erly energized. In accordance with the embodiment of 
the present invention, a timer is used to sense the time 

'5 that has occurred after each change in state of the out- 
puts of the X and Y comparators. If a change in state 
has not occurred after a predetermined time period, the 
timer will initiate a change in state of the SWAP signal, 
thus forcing a commutation that alternates the power de- 

20 vice used for freewheeling. 

[0065] One example of an embodiment of the present 
invention where a timer is used to force commutation if 
commutation does not naturally occur is illustrated in 
Figure 11. The circuitry of Figure 11 is similar to thecir- 

25 cuitry of Figure 10 with the exception that an OR gate 

111 and a counter 112 have been added to the SWAP 
circuit 107. OR gate 111 receives the output from AND 
gale 1 09 and will pass the clock pulses provided by gate 
109 to T flip-flop 130 to initiate a forced commutation 

30 from the top power device to the bottom power device 
as described above. The output of T flip-flop 130 is also 
applied to the ENABLE input of counter 1 1 2. Each time 
a clock pulse is received atthe ENABLE input of counter 
112, counter 112 loads the digital word appearing at its 

35 DATA input 113 and begins to count up upon the occur- 
rence of each clock pulses at its CLK input. When coun- 
ter 112 has reached its maximum count it will generate 
a logic high signal at its terminal count (TC) output. The 
signal at theTC output of counter 112 is also applied to 

40 OR gate 1 1 1 such that a 0-1 transition occurs at the out- 
put of OR gate 111 (and thus a change in state of the 
SWAP signal) each time the TC output of counter 112 
transitions from 0-1 . Because the output of T flip-flop 
1 30 is applied to the ENABLE input of counter 1 1 2, each 

45 time the TC output of TC goes high, the counter will be 
effectively reset upon the next CLK pulse and the cycle 
will begin to repeat. 

[0066] in operation, the counter 112 monitors the 
change in state of the SWAP signal and forces a change 
50 in state of the SWAP signal if no change has occurred 
after a predetermined time period. In operation, the pre- 
determined time period is determined by the value of the 
digital word applied to the DATA input 113 of counter 
112. 

55 [0067] Although embodiments are possible wherein 
the digital word applied to the DATA input 1 1 3 of counter 

112 is constant (e.g., a forced commutation occurs eve- 
ry 1 6.4 msec), it may be desirable to vary the data word 
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in a pseudo-random fashion. This is because if s in op- 
eration, the chopping frequency {i.e., the frequency at 
which the outputs of comparators X or Y change) is 
close to the frequency defined by the data word, a beat- 
ing effect may occur. When beating occurs, any first 5 
commutation of the power devices (either because of a 
maximum count from counter 112 or from a change in 
state of the X or Y comparators) will be quickly followed 
by a second commutation. The second commutation will 
cause the SWAP signal to change to the state it was io 
before the first commutation, essentially "undoing" the 
effect of the first commutation. This beating effect can 
result in one power device "hogging" the freewheeling 
periods, such that the benefits of forced alternate free- 
wheeling are substantially reduced. '5 
[0068] To reduce the chances of such beating occur- 
ring, the digital word applied to the DATA input 113 of 
counter 1 1 2 may be provided by a pseudo-random gen- 
erator 114. In the embodiment of Figure 11 , the pseudo- 
random generator 114 receives at its ENABLE input the 20 
output of T flip-flop 1 30 (the SWAP signal), such that the 
value of the pseudo-random digital word applied to the 
DATA input of clock 112 changes upon each change in 
the SWAP signal. Alternative embodiments are possible 
wherein the output of OR gate 1 1 1 is applied to the EN- 25 
ABLE input of pseudo-random generator 1 1 4. In one ex- 
emplary embodiment, the digital values generated by 
the pseudo-random generator 114 ensure that the fre- 
quency of commutations is between 8.2 and 1 6.4 msec. 
The remainder of the circuitry in Figure 11 operates to -30 
produce the gate drive signals as previously discussed 
for Figure 10. 

[0069] While the circuitry of Figure 11 was discussed 
in the context of using alternate power devices for free- 
wheeling to ensure that the power supplies 91 for the 35 
gate drives are properly energized, it may be used to 
implement alternate freewheeling for other purposes (e. 
g., to reduce heat as discussed above). 
[0070] It will be appreciated that although the inven- 
tion has been described in relation to a switched reluc- 40 
tance machine it is equally applicable to the chopping 
control of current in other inductive loads. Thus, al- 
though some illustrative embodiments of the invention 
have been described in detail, there are many variations 
that come within the scope of the invention as defined *5 
in the appended claims. 

Claims 

50 

1. A controller for a time variable inductive load (w), 
the controller comprising: 

switching means (t) to connect the load to a 
source of electric power (V s ), the switching 55 
means being actuatable into a first arrange- 
ment to supply energy from the source of elec- 
tric power through the switching circuit, the 



switching means also being actuatable into a 
second arrangement to return energy from the 
load to the source of electric power and actuat- 
able into a third, freewheel, arrangement in 
which the current recirculates through the load; 
and 

switch control means (12') comprising: a lower 
hysteresis circuit (x) having a lower hysteresis 
band defined between a first signal indicative 
of a lower current bound and a desired refer- 
ence current level (l DEM ) , the circuit being op- 
erable to provide an output that changes from 
one output level to another output level to ac- 
tuate the switching means into the third ar- 
rangement when the load current rises to the 
reference current level and that changes from 
its other output level back to its one output level 
to actuate the switching means into the first ar- 
rangement when the load current falls to the 
lower current bound; and an upper hysteresis 
circuit (y) having an upper hysteresis band de- 
fined between the reference current level and 
a second signal indicative of an upper current 
bound and being operable to provide an output 
signal that changes from one output level to an- 
other output level to actuate the switching 
means into the second arrangement when the 
load current rises to the upper current bound 
and that changes from its other output level to 
its one output level to actuate the switching 
means into the third arrangement when the 
load current falls to the reference current level; 
characterised in that the control means fur- 
ther comprise: 

a swap circuit (107) coupled to receive the 
outputs of the lower and upper hysteresis 
circuits, the swap circuit generating a swap 
output signal that toggles between a first 
and a second logic level in response to: (i) 
a change in the output of either hysteresis 
circuit; or (ji) the expiration of a predeter- 
mined period after the previous toggle of 
the swap output if a change in the said out- 
put of either hysteresis circuits has not oc- 
cured in the predetermined period; and 

a circuit responsive to the outputs of the 
hysteresis circuits and the swap circuit to 
produce control signals for actuating the 
switching means, such that the current is 
controlled in response to the deviation of 
the load current from the reference current, 
according to the states of the outputs from 
the hysteresis circuits, by: (i) actuating the 
first arrangement of the switching means 
when the current is below the lower current 
bound; (ii) actuating the second arrange- 
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ment of the switching means when the cur- 
rent is above the upper current bound; (iii) 
actuating one configuration of the third, 
freewheel, arrangement of the switching 
means when the current reaches the refer- 5 
ence current level from outside the tower 
and upper current bounds, respectively, 
and the swap output signal is at the first log- 
ic level, and actuating another configura- 
tion of the third, freewheel, arrangement of 10 
the switching means when the current 
reaches the reference current level from 
outside the lower and upper current 
bounds, and the swap output signal is at 
the second logic level. '5 



2. A controller as claimed in claim 1 in which the switch 
means include a pair of switching devices (t) cou- 
pled to the source of electric power and to the load, 

the first and second switching devices being actu- 20 
atable into: (i) the first switching arrangement where 
both the first and the second switching devices are 
closed to connect the load to the source of electric 
power; (ii) the second switching arrangement where 
both the first and second switching devices are 25 
opened and there is no current path from the source 
of electric power through the first and second 
switching devices and the load, and (iii) the third ar- 
rangement in which only one of the first or second 
switching devices is closed and current recirculates 30 
around the load through the closed switching de- 
vice: 

the control means being operable to alternate 
between actuation of each of the switching devices 
in the third arrangement. 35 

3. The controller of claim 1 wherein the predetermined 
period is fixed. 

4. The controller of claim 1 wherein the predetermined 40 
period is pseudorandomly generated (114) upon 
each toggle of the swap output signal. 

5. The controller of any of claims 1 to 4 in which the 
time variable inductive load is a winding (w) of a re- 
luctance machine. 

6. A method of controlling the current in a time variable 
inductive load (w) using switching means compris- 
ing first and second switching devices (t) ; each hav- so 
ing a closed state and an open state, to connect the 
load to a source of electrical power (V^, the switch- 
ing means being actuatable into a first arrangement 

to supply energy from the source of electric power 
through the switching circuit, the switching means 55 
also being actuatable into a second arrangement to 
return energy from the load to the source of electric 
power and actuatable into a third, freewheel, ar- 



rangement in which the current recirculates through 
the load, the method comprising: 

applying current to the load by closing the first 
and second switching devices (t) to assume the 
first arrangement according to a first hysteresis 
output signal when the load current is below a 
lower current bound below a reference current 
level (Idem)* wherein the lower current bound 
varies in response to variations in the reference 
current level; 

removing current from the load by opening the 
first and second switching devices to assume 
the second arrangement according to a second 
hysteresis output signal when the load current 
is above an upper current bound above the ref- 
erence current level, wherein the upper current 
bound varies in response to variations in the 
reference current level; and 
freewheeling current by assuming the third ar- 
rangement of the switch means so that it recir- 
culates through the load and only one of the 
switching devices when the load current rises 
or falls to the reference current level from out- 
side the lower and upper current bounds, re- 
spectively; characterised by. 

generating a swap output signal that tog- 
gles between a first and a second logic level in 
response to (i) a change in either the first or 
second hysteresis output signal, or (ii) the ex- 
piration of a predetermined period after the pre- 
vious toggle of the swap output signal if a 
change in the said output of either hysteresis 
circuits has not occured in the predetermined 
period, thereby alternating the switching device 
used for freewheeling between the first and 
second switching devices. 

7. A method as claimed in claim 6 in which the prede- 
termined period is fixed. 

8. A method as claimed in claim 6 in which the prede- 
termined period is pseudorandomly generated up- 
on each change of the switching device used for 
freewheeling. 

9. A method as claimed in claim 6. 7 or 8 applied to a 
winding of a reluctance machine as the said time 
variable inductive load. 



Patentanspruche 

1. Ein Steuergerat fur eine zeitlich veranderliche in- 
duktive Last (w) ; wobei das Steuergerat umfaBt: 

Schaltmittel (t) zur Verbindung der Last an eine 
eiektrische Energiequelle (V s ), wobei die 
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Schaltmittel in eine erste Anordnung einsteilbar 
sind, urn Energievon der elektrischen Energie- 
quelle durch den Schaltstromkreis bereitzustei- 
len, wobei die Schaltmittei auch in eine zweite 
Anordnung einsteilbar sind, umdie Energievon 5 
der Last zur elektrischen Energiequelle zuruck- 
zufuhren, und in eine dritte freilaufende Anord- 
nung einsteilbar sind. in der der Strom durch 
die Last zirkuliert; und 

10 

Schaltsteuermittel {12') umfassend: 

einen unteren Hystereseschaitkreis (x) mit 
einem unteren Hystereseband, das zwi- 
schen einem ersten Signal, das eine unte- '5 
re Stromschranke anzeigt, und einen ge- 
wunschten Referenzstromniveau (l DEM ) 
def iniert isL wobei der Schaltkreis betriebs- 
fahig ist. um eine Ausgabe bereitzustellen, 
die sich von einem Ausgabeniveau zu ei- 20 
nem anderen Ausgabeniveau andert, um 
die Schaltmittel in die dritte Anordnung ein- 
zustellen, wenn der Laststrom zum Refe- 
renzstromniveau ansteigt, und die sich von 
ihrem anderen Ausgabeniveau zuriick zu 25 
ihrem einen Ausgabeniveau andert, um die 
Schaltmittel in die erste Anordnung einzu- 
stellen, wenn der Laststrom auf die untere 
Stromschranke abfallt, und 
einen oberen Hystereseschaitkreis (y) mit 30 
einem oberen Hystereseband, das zwi- 
schen dem Referenzstromniveau und ei- 
nem zweiten Signal definiert ist, das eine 
obere Stromschranke anzeigt, und der be- 
triebsfahig ist, um ein Ausgabesighal be- 35 
reitzustelten : welches sich von einem Aus- 
gabeniveau zu einem anderen Ausgabeni- 
veau andert, um die Schaltmittel in die 
zweite Anordnung einzustellen, wenn der 
Laststrom zur oberen Stromschranke an- 40 
steigt, und welches sich von seinem ande- 
ren Ausgabeniveau zum einen Ausgabeni- 2. 
veau verandert, um die Schaltmittel in 
die dritte Anordnung einzustellen, wenn 
der Laststrom auf das Referenzstromni- 4 $ 
veau abfallt; 

dadurch gekennzeichnet, daB die Steuermittel 
welter umfassen: 

50 

einen Umschaltschaltkreis (107) : angeschlos- 
sen. um die Ausgaben der unteren und oberen 
Hystereseschaltkreise zu empfangen, wobei 
der Umschaltschaltkreis ein Umschaltausga- 
besignal erzeugt, das zwischen einem ersten 55 
und zweiten logischen Niveau hin- und her- 
schaltet, ansprechend auf: 



(i) eine Anderung in der Ausgabe von ei- 
nem Hystereseschaitkreis; oder 

(ii) das Ablaufen einer vorbestimmten Zeit- 
dauer nach dem vorherigen Hin- und Her- 
schalten der Umschaltausgabe, wenn kei- 
ne Anderung der Ausgabe eines Hystere- 
seschaltkreises in der vorbestimmten Zeit- 
dauer erfolgt ist; und 

einen Schaltkreis, der auf die Ausgaben der 
Hystereseschaltkreise und des Umschalt- 
schaltkreises anspricht, um Steuersignale zum 
Einsteilen der Schaltmittel zu erzeugen, so daB 
der Strom im Ansprechen auf die Abweichung 
des Laststroms vom Referenzstrom gemaB der 
Zustande der Ausgaben aus den Hysterese- 
schaltkreisen gesteuert wird durch: 

(i) Einsteilen der ersten Anordnung der 
Schaltmittel wenn der Strom unterhalb der 
unteren Stromschranke ist; 

(ii) Einsteilen der zweiten Anordnung der 
SchaltmitteL wenn der Strom oberhalb der 
oberen Stromschranke ist; 

(iii) Einsteilen einer Konfiguration der drit- 
ten, freilaufenden Anordnung der Schalt- 
mittei, wenn der Strom des Referenzstrom- 
niveau von au3erhaib der unteren bezie- 
hungsweise oberen Stromschranken er- 
reicht und das Umschaltausgabesignal 
sich auf dem ersten logischen Niveau be- 
findeL und 

Einsteilen einer weiteren Konfiguration der drit- 
ten, freilaufenden Anordnung der Schaltmittel, 
wenn der Strom das Referenzstromniveau von 
auBerhalb der unteren und oberen Strom- 
schranken erreicht und das Umschaltausgabe- 
signal sich auf dem zweiten logischen Niveau 
befindet. 

Ein Steuergerat wie in Anspruch 1 beansprucht, bei 
dem die Schaltmittel ein Paar Schaltvorrichtungen 
(t) enthalten, die an die elektrische Energiequelle 
und die Last angeschlossen sind, wobei die erste 
und zweite Schaltungsvorrichtung einsteilbar sind 
in: 

(i) die erste Schaltanordnung : in der sowohl die 
erste als auch die zweite Schaltvorrichtung ge- 
schlossen sind, um die Last mit der elektri- 
schen Energiequelle zu verbinden; 

(ii) die zweite Schaltungsanordnung, in der so- 
wohl die erste als auch die zweite Schaltvor- 
richtung geoffnet sind und es keinen Stromweg 
von der elektrischen Energiequelle durch die 
erste und zweite Schaltvorrichtung und die Last 
gibt, und 
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(iii) die dritte Anordnung, bei der nur eine der 
ersten und zweiten Schaitvorrichtungen ge- 
schlossen ist und der Strom um die Last durch 
die geschlossene Schallvorrichtung zirkuliert; 
wobei die Steuermittel betriebsfahig sind. um 
zwischen dem Einstellen jeder der Schaitvor- 
richtungen in der dritten Anordnung zu wech- 
seln. 

3. Das Steuergerat aus Anspruch 1 , bei dem die vor- 
bestimmte Zeitdauer festgelegt ist. 

4. Das Steuergerat aus Anspruch 1 , bei dem die vor- 
bestimmte Zeitdauer pseudozufallig nach jedem 
Hin- und Herschalten des Umschaltausgabesignals 
erzeugt wird (114). 

5. Das Steuergerat nach einem der Anspruche 1 bis 
4, bei dem die zeitlich veranderliche induktive Last 
eine Windung (w) einer Reluktanzmaschine ist. 

6. Ein Verfahren zum Steuern des Stromes in einer 
zeitlich veranderiichen induktiven Last (w) : welches 
Schaltmittel verwendet, die erste und zweite Schait- 
vorrichtungen (t) mit jeweils einen geschlossenen 
Zustand und einen oftenen Zustand umfassen, um 
die Last mit einer elektrischen Energiequelle (V s ) 
zu verbinden, wobei die Schaltmittel in eine erste 
Anordnung einstellbar sind, um Energie von der 
elektrischen Energiequelle durch den Schaitstrom- 
kreis bereitzustellen, wobei die Schaltmittel auch in 
eine zweite Anordnung einstellbar sind, um die En- 
ergie von der Last zur elektrischen Spannungsquel- 
le zuruckzufuhren, und in eine dritte, freilaufende 
Anordnung einstellbar sind, in der der Strom durch 
die Last zirkuliert, wobei das Verfahren umfaflt: 



tungen zirkuliert, wenn der Laststrom zum Re- 
ferenzstromniveau von aufterhalb der unteren 
beziehungsweise oberen Stromschrankesteigt 
beziehungsweise fallt; gekennzeichnet 
5 durch: 

Erzeugen eines Umschaltausgabesignals, wel- 
ches zwischen einen ersten und einen zweiten 
logischen Niveau hin- und herschaltet, im An- 
sprechen auf: 

w 

(i) eine Anderung entweder des ersten 
oder des zweiten Hystereseausgabesi- 
gnals oder 

(ii) den Ablauf einer vorbestimmten Zeit- 
15 dauer nach dem vorherigen Hin- und 

Herschalten des Umschaltausgabesignals, 
wenn keine Anderung der Ausgabe eines Hy- 
stereseschaltkreises in der vorbestimmten 
20 Zeitdauer aufgetreten ist, wobei dadurch die 

zum Freilauf verwendete Schaltvorrichtung 
zwischen der ersten und zweiten Schaltvorrich- 
tung wechselt. 

25 7. Ein Verfahren wie in Anspruch 6 beanspruchL bei 
dem die vorbestimmte Zeitdauer festgelegt ist. 

8. Ein Verfahren wie in Anspruch 6 beansprucht, bei 
dem die vorbestimmte Zeitdauer pseudozufallig auf 

30 jeden Wechsel der zum Freilaufen verwendeten 
Schaltvorrichtung hin erzeugt wird. 

9. Ein Verfahren wie in Anspruch 6, 7 oder 8 bean- 
sprucht, angewandt auf eine Windung einer Reluk- 

35 tanzmaschine als die zeitlich veranderliche indukti- 
ve Last. 



Anlegen eines Stromes an die Last durch 
SchlieBen der ersten und zweiten Schaitvor- 
richtungen (t). um die erste Anordnung nach ei- 40 
nem ersten Hystereseausgabesignal anzuneh- 
men, wenn der Laststrom unterhalb einer unte- 
ren Stromschranke unterhalb eines Referenz- 
stromniveaus (I dem) H e 9*> wobei die untere 
Stromschranke im Ansprechen auf Verande- 45 
rungen des Referenzstromniveaus variiert; 
Entfernen eines Stromes von der Last durch 
Offnen der ersten und zweiten Schaltvorrich- 
tung, um die zweite Anordnung aufgrund eines 
zweiten Hystereseausgabesignals anzuneh- so 
men, wenn der Laststrom uber einer oberen 
Stromschranke oberhalb des Referenzstromni- 
veaus liegt, wobei die obere Stromschranke im 
Ansprechen auf Veranderungen beim Refe- 
renzstromniveau variiert; und 55 
Freilaufen eines Stroms durch Annehmen der 
dritten Anordnung der Schaltmittel, so dafB er 
durch die Last und nur eine der Schaltvorrich- 



Revendications 

1. Controleur pour une charge inductive a temps va- 
riable (w), le controleur comprenant : 

des moyens de commutation (t) pour relier la 
charge a une source d'energie electrique (V s ), 
les moyens de commutation pouvant etre ac- 
tionnes dans un premier montage pour fournir 
de I'energie de la source d'energie electrique 
par le circuit de commutation, les moyens de 
commutation pouvant egalement etre action - 
nes dans un deuxieme montage pour renvoyer 
Tenergie de la charge a la source d'energie 
electrique et pouvant etre actionnes dans un 
troisieme montage, de roue fibre, dans lequel 
le courant circule a nouveau a travers la char- 
ge, et 

des moyens de commande de commutateur 
(12') comprenant : un circuit d'hysteresis infe- 
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rieur (x) presentant une bande d'hysteresis in- 
ferieure definie entre un premier signal indicatif 
d'une limite de courant inferieure et un niveau 
de courant de reference souhaite (ld em ) • * e c ' r " 
cuit pouvant fonctionner pour fournir une sortie 5 
qui passe d'un niveau de sortie a un autre ni- 
veau de sortie pour actionner les moyens de 
commutation dans le troisieme montage lors- 
que le courant de charge augmente pourattein- 
dre le niveau de courant de reference et qui 10 
passe de son autre niveau de sortie pour reve- 
nir a son premier niveau de sortie pour action- 
ner les moyens de commutation dans le pre- 
mier montage lorsque le courant de charge re- 
tombe a la limite de courant inferieure, et un '5 
circuit d'hysteresis superieur (y) presentant 
une bande d'hysteresis superieure definie en- 
tre le niveau de courant de reference et un 
deuxieme signal indicatif d'une limite de cou- 
rant superieure et pouvant fonctionner pour 20 
fournir un signal de sortie qui passe d'un niveau 
de sortie a un autre niveau de sortie pour ac- 
tionner les moyens de commutation dans le 
deuxieme montage lorsque le courant de char- 
ge augmente pour atteindre la limite de courant 25 
superieure et qui passe de son autre niveau de 
sortie a son premier niveau de sortie pour ac- 
tionner les moyens de commutation dans le 
troisieme montage lorsque le courant de char- 
ge retombe au niveau de courant de reference, 30 
caracterise en ce que les moyens de com- 
mande comprennent en outre : 

un circuit de permutation (1 07) couple pour 
recevoir les sorties des circuits d'hystere- 35 
sis inferieur et superieur, le circuit de per- 
mutation produisant un signal de sortie de 
permutation qui bascule entre un premier 
et un deuxieme niveaux logiques en reac- 
tion a : (i) un changement dans la sortie de 40 
Tun des circuits d'hysteresis, ou (ii) I'expi- 
ration d'une periode predeterminee apres 
le basculement precedent de la sortie de 
permutation si un changement dans ladite 
sortie de Tun des circuits d'hysteresis ne 4 $ 
s'est pas produit au cours de la periode 
predeterminee, et 

un circuit reagissant aux sorties des cir- 
cuits d'hysteresis et du circuit de permuta- 
tion pour produire des signaux de com- so 
mande pour actionner les moyens de com- 
mutation, de telle sorte que le courant est 
commande en reaction a I'ecart du courant 
de charge par rapport au courant de refe- 
rence, suivant les etats des sorties des cir- 55 
cuits d'hysteresis, en : (i) actionnant le pre- 
mier montage des moyens de commuta- 
tion lorsque le courant est inferieur a la li- 



mite de courant inferieure, (ii) actionnant le 
deuxieme montage des courants de com- 
mutation lorsque le courant est superieur 
a la limite de courant superieure, (Hi) ac- 
tionnant une configuration du troisieme 
montage, de roue libre, des moyens de 
commutation lorsque le courant atteint le 
niveau de courant de reference d'en de- 
hors des limites de courant inferieure et su- 
perieure, respectivement, et que le signal 
de sortie de permutation se trouve au pre- 
mier niveau logique, et en actionnant une 
autre configuration du troisieme montage, 
de roue libre, des moyens de commutation 
lorsque le courant atteint le niveau de cou- 
rant de reference d'en dehors des limites 
de courant inferieure et superieure. et que 
le signal de sortie de permutation se trouve 
au deuxieme niveau logique. 

2. Controleur suivant la revendication 1, dans lequel 
les moyens de commutation incluent deux disposi- 
tifs de commutation (t) couples a la source d'energie 
electrique et a la charge, le premier et le deuxieme 
dispositifs de commutation pouvant etre actionnes 
dans : (i) le premier montage de commutation ou le 
premier et le deuxieme dispositifs de commutation 
sont tous deux fermes pour connecter la charge a 
la source d'energie electrique ; (ii) le deuxieme 
montage de commutation ou le premier et le deuxie- 
me dispositifs de commutation sont tous deux 
ouverts et il n'existe pas de chemin de courant de 
la source d'energie electrique a travers le premier 
et le deuxieme dispositifs de commutation et la 
charge, et (iii) ie troisieme montage dans lequel seul 
un des premier et deuxieme dispositifs de commu- 
tation est ferme et le courant circule a nouveau 
autour de la charge a travers le dispositif de com- 
mutation ferme ; 

les moyens de commande pouvant fonction- 
ner pour alterner entre I'actionnement de chacun 
des dispositifs de commutation dans le troisieme 
montage. 

3. Controleur suivant la revendication 1 , dans lequel 
la periode predeterminee est fixe. 

4. Controleur suivant la revendication t , dans lequel 
la periode predeterminee est produite de maniere 
pseudo-aleatoire (114) lors de chaque basculement 
du signal de sortie de permutation. 

5. Controleur suivant I'une quelconque des revendica- 
tions 1 a 4, dans lequel la charge inductive a temps 
variable est un enroulement (w) d'une machine a 
reluctance. 

6. Procede de commande du courant dans une charge 
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inductive a temps variable (w) en utilisant des 
moyens de commutation comprenant des premier 
et deuxieme dispositifs de commutation (t), chacun 
comportant un etat ferme et un etat ouvert, pour re- 
lier la charge a une source d'energie electrique (V s ), s 
les moyens de commutation pouvant etre actionnes 
dans un premier montage pour fournir de Penergie 
de la source d'energie electrique a travers le circuit 
de commutation, les moyens de commutation pou- 
vant egalement etre actionnes dans un deuxieme 10 
montage pour renvoyer I'energie de la charge a la 
source d'energie electrique et pouvant etre action- 
nes dans un troisieme montage, de roue libre, dans 
lequel le courant circule a nouveau a travers la char- 
ge, le procede comprenant : 15 

{'application d'un courant a la charge en fer- 
mant le premier et le deuxieme dispositifs de 
commutation (t) pour prendre le premier mon- 
tage suivant un premier signal de sortie d'hys- 20 
teresis lorsque le courant de charge est infe- 
rieur a une limite de courant inferieure en des- 
sous d'un niveau de courant de reference 
(l 0EM ), dans lequel la limite de courant inferieu- 
re varie en reaction a des variations du niveau 25 
de courant de reference, 
Pelimination du courant de la charge en ouvrant 
les premier et deuxieme dispositifs de commu- 
tation pour prendre le deuxieme montage sui- 
vant un deuxieme signal de sortie d'hysteresis 30 
lorsque le courant de charge est au-dessus 
d'une limite de courant superieure au-dessus 
du niveau de courant de reference, dans lequel 
la limite de courant superieure varie en reaction 
a des variations dans le niveau de courant de 35 
reference. 

la mise en roue libre du courant en prenant le 
troisieme montage des moyens de commuta- 
tion de telle sorte qu'il circule a nouveau a tra- 
vers la charge et seulement un des dispositifs 40 
de commutation lorsque le courant de charge 
augmente ou retombe au niveau de courant de 
reference d'en dehors des limites de courant in- 
ferieure et superieure, respectivement, carac- 
terise par : 

la production d'un signal de sortie de per- 
mutation qui bascule entre un premier et un 
deuxieme niveaux logiques en reaction a : (i) 
un changement du premier ou du deuxieme si- 
gnal de sortie d'hysteresis ou (ii) I'expiration 50 
d'une periode predeterminee apres le bascule- 
ment precedent du signal de sortie de permu- 
tation si un changement dans ladite sortie de 
I'un des circuits d'hysteresis ne s'est pas pro- 
duit au cours de la periode predeterminee, al- 55 
temant de ce fait le dispositif de commutation 
utilise pour la roue libre entre les premier et 
deuxieme dispositifs de commutation. 



7. Procede suivant la revendication 6, dans lequel la 
periode predeterminee est fixe. 

8. Procede suivant la revendication 6, dans lequel la 
periode predeterminee est produite de maniere 
pseudo-aleatoire lors de chaque changement du 
dispositif de commutation utilise pour la roue libre. 

9. Procede suivant la revendication 6, 7 ou 8, applique 
a un enroulement d'une machine a reluctance com- 
me ladite charge inductive a temps variable. 
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